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homogenous background, a
potentially important difference to
the study by Huang and
colleagues [7,8]. Would the results
reported by Khayat and
colleagues [19,20] hold if more
natural visual scenes had been
used? Or would they find results
more similar to those described
by Huang and Paradiso [7]?
Additional experiments are
necessary to reveal the effects of
saccadic eye movements under
natural viewing conditions. Huang
et al. [7] say they are currently
performing such experiments and
it will be exciting to learn what
their outcome is.
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Evolution of Humans and Chimps
We now have more or less full sequences of both human and chimp
genomes, allowing comparison that sheds light on their evolution. A
few hundred genes show significant evidence for adaptive evolution in
the two lineages, but the actual number might be much higher. Natural
selection has eliminated about 75% of amino acid changes in coding
sequence since the split of the human and chimpanzee genomes.Hans Ellegren
The field of molecular evolution
was born in the 1950s when it
became possible to determine the
amino acid sequence of proteins,
and to compare these sequences
among related species.
Subsequent advances in DNA
sequencing technology allowed
homologous genes to be analyzed
at the nucleotide level and, from
this, we could start to infer how
mutation and selection had
contributed to molecular
evolution. Today, the availability
of full genome sequences and
computational methods forcomparing them means that the
full spectrum of evolutionarily
accumulated mutations
distinguishing two species can be
studied. As reported in a recent
paper ([1], see also [2–4]), the
human genome has now been
lined up against that of our
closest living relative, the
chimpanzee. A comparison of the
two genomes reveals a number of
important features, summarized in
Table 1.
In addition to the biological and
medical interest in the human and
chimpanzee genomes, their
sequences are important to
molecular evolution for severalreasons. First, with two species as
closely related as these two
hominids, their sequences will
almost always be sufficiently
similar to make alignment of
homologous regions
unambiguous. Notably, this is true
not only for conserved regions,
like genes, but also for neutral
sequences, as in the intergenic
landscape. Second, over such a
short evolutionary distance, the
incidence of multiple mutational
hits at individual sites is
negligible, so it is usually
straightforward to infer which
evolutionary changes have been
made since the two genomes
split.
What does the chimpanzee
genome sequence tell us about
the role of natural selection in
human evolution? Purifying
selection is clearly evidenced by
the fact that mutations that alter
the amino acid sequence, which
in many cases presumably have a
deleterious effect, have gone to
fixation at a much lower rate than
those that do not. Traditionally,
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R920Table 1. Summary statistics for the human–chimpanzee genome comparison (from [1]).
Characteristic Human Human/chimp Chimp
Genome size (Gb) 2.9 2.9
No. of chromosomes 46 148
Mean divergence all chromosomes (%) 1.23
Mean divergence  X chromosome (%) 0.94
Mean divergence Y chromosome (%) 1.9
Mean divergence at fixed sites (%) 21.06
Mean divergence at CpG sites (%) 315.2
No. of nucleotide substitutions (millions) 35
No. of insertions and deletions (millions) 5
Total amount of sequence as indels (Mb) 90
Divergence including indels 44.5
Lineage-specific no. of new Alu insertions 57000 2300
Lineage-specific no. of new L1 insertions 2000 2000
Lineage-specific no. of new processed pseudogenes 200 300
Heterozygosity (per bp) 7.5 x 10-4 68–19 x 10–4
1Human chromosome 2 evolved from a fusion of two ancestral chromosomes subsequent to the split of human and chimp lineages. 2The lower
divergence at fixed sites than in a comparison of any two copies of the respective genomes is because sites polymorphic in each species con-
tribute to the estimated divergence. 3CpG to TpG mutations occur at a rate 10–12-fold higher than for other nucleotides. 4Insertions and dele-
tions thus make a larger contribution to human–chimpanzee divergence than nucleotide substitutions. 5The three-fold higher activity of Alu
elements in the human lineage is mainly due to activity of two new subfamilies (AluYa5 and AluYb8) that evolved since the human–chimpanzee
divergence. Preliminary analysis indicates that baboon has a 1.6-fold higher Alu activity relative to human so there may have been a general
decline in activity in the chimpanzee lineage. 6The highest diversity is seen among central African chimpanzees and, in particular, between west
and central African populations. this is expressed in terms of the
ratio of non-synonymous (dN) to
synonymous (dS) substitutions,
dN/dS, where dS is here used as
an index of the rate of
unconstrained, neutral evolution.
When dN/dS < 1, the usual
interpretation is that negative
selection has taken place on non-
synonymous substitutions. When
dN/dS > 1, positive selection is
likely to have accelerated the rate
of fixation of non-synonymous
substitutions. Note that purifying
selection is the conservative force
in molecular evolution, whereas
positive selection is the
diversifying force that drives
molecular adaptation. dN/dS is
estimated to be ~0.25, on
average, for the human–chimp
comparison. In other words, about
75% of all amino acid
replacements seem to be
removed by purifying selection. 
But such substitutions may still
drift to appreciable frequency
before selection has had time to
act. The new study [1], using data
from the HapMap project [5],
shows that the proportion of
replacements that have beenremoved is lower for derived
alleles that are at low frequency
than for more common alleles,
consistent with results from other
data sets [6]. In theory, one
should be able to quantify the
proportion of non-synonymous
substitutions that are slightly
deleterious from the differences in
dN/dS between rare and common
alleles [6]. Caution is needed,
however, as the ability to detect
rare alleles is dependent on
sample size and as synonymous
sites in mammals are probably not
entirely neutral [1].
The estimated dN/dS of ~0.25
for the human–chimp comparison
is higher than that seen between
mouse and rat (~0.13). Such a
difference might be taken to
suggest either increased adaptive
evolution in hominids relative to
that in rodents or relaxed
constraints. Relaxation of
evolutionary constraints among
hominids would be compatible
with the prediction from
population genetic theory that
selection against deleterious
mutations is more effective in
larger populations where geneticdrift is weak. Presumably, the
population size of rodents has




centred on the importance of
adaptive changes in molecular
evolution. Selectionists argued
that a large fraction of those non-
synonymous substitutions that go
to fixation are driven by positive
Darwinian selection. Neutralists,
on the other hand, believed that
most fixed substitutions have no
effect on fitness. Supporters of
the nearly neutral theory
acknowledged that substitutions
with small selective coefficients
may drift to fixation if population
size is low. Although, today, most
molecular evolutionists would
probably not advocate one or the
other of the models in the strict
sense, it is of great interest to test
assumptions given by the different
models with the human–chimp
divergence data. In a screen for
genes with dN/dS > 1, only a few
hundred show significant
evidence for adaptive evolution.
Although in each single case it is
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R921difficult to distinguish stochastic
variation in divergence from the
action of positive selection,
expected categories such as
genes involved in immune
defence, reproduction and
perception are overrepresented in
the candidate set.
While, at first glance, the results
from the new study [1] would
suggest that the total number of
genes that have been subject to
adaptive evolution in hominids is
limited, this is not necessarily the
case. The statistical power in the
dN/dS test is notoriously low,
particularly at time-scales as short
as that of the human–chimp
divergence. dN and dS are both
estimated from the complete
coding sequence of genes so for
their ratio to show significant
evidence to exceed one, positive
selection has had to have been
acting on several amino acid
positions. In reality, there should
be no reason to expect that
adaptive evolution is limited to
such a scenario. Single amino
acid changes at, for instance, the
active site of proteins may have a
significant impact on their
function. Moreover, positive
selection may act at some sites
and negative on others, meaning
that dN/dS is less than 1, even
though positive selection has
occurred. Indeed, tests for
positive selection which allow
variation in dN/dS among sites
indicate that a larger fraction of
human and chimpanzee genes
have been subject to adaptive
evolution [7,8].
It will be useful to obtain a
primate outgroup sequence to be
able to map human–chimp
differences down to the particular
lineages and infer the direction of
change. Moreover, genome-wide
studies of genetic diversity within
human populations will help to
identify genomic regions where
positive selection has led to so-
called selective sweeps [1,5,8];
such regions are characterised by
reduced levels of genetic diversity
and an excess of high-frequency
derived non-synonymous
substitutions. Understanding to
what extent genic divergence is
driven by natural selection is also
important to another classical
question in human evolution: ishuman uniqueness primarily due
to protein divergence or
divergence in levels and patterns
of gene expression [9]? There is
an increasing body of evidence
suggesting significant divergence
in gene regulatory elements [10],
patterns of methylation [11] and
levels of gene expression between
humans and chimpanzes [12].
Interestingly, a recent study [13]
has indicated that tissue-specific
divergence in expression and
protein sequence is correlated,
hinting at a dual and co-evolving
role of protein and expression
divergence in human evolution.
The human–chimp genome
comparison also offers insight into
the underlying mutation process.
It has recently become evident
that mutation rates vary
extensively both between and
within mammalian chromosomes
[14,15]. One source of this
variation is the higher number of
cell divisions in spermatogenesis
than in oogenesis [16], giving
greater opportunity for replication
errors to accumulate in male
germline. Consistent with this, Y
chromosome sequences (which
spend all of their time in males)
mutate at a higher rate than
autosomal sequences (which
spend only half of their time in
males), which in turn show slightly
more mutations than X
chromosome sequences (1/3 of
their time in males) (Table 1). But
the new study shows that base
damage caused by deamination
of methyl CpG to TpG, which is
the most common type of
nucleotide substitution, occurs at
roughly equal rates in the male
and female germlines. Male-
biased mutation is thus probably
restricted to errors introduced
from faulty DNA replication.
Causes of mutation rate
heterogeneity within
chromosomes include sequence
context effects [17], GC content
(influencing the incidence of
CpGs) and proximity to telomeric
ends (where high recombination
rate promotes mutation, either by
a direct mutagenic effect [18] or
indirectly by increasing GC
through the propensity for biased
gene conversion to fix Cs and Gs
[19]). The local rate of mutation is
probably governed by a complexinterplay of these and potentially
also other factors. That rate
heterogeneity may be maintained
over a long evolutionary time
scale is indicated by co-variation
in lineage-specific neutral rates in
orthologous regions of human and
chimpanzee [20], obtained by
using baboon as outgroup. Also,
there is a correlation between the
neutral rate in orthologous regions
of human–chimpanzee and
mouse–rat [1].
The initial comparison of two
more or less fully sequenced
hominid genomes represents a
milestone event in molecular
evolutionary studies. The coming
in-depth analyses of these
genomes are likely to offer a route
towards the most challenging
question — what does it take to
make a human? It can be foreseen
that future work in this area will
have to integrate information from
observations of sequence as well
as expression divergence.
Moreover, advances in analytical
methods will be necessary to be
able to disentangle divergence
caused by random genetic drift
from divergence caused by
natural selection.
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Figure 1 illustrates how an
outbreak of flu might spread in
Thailand, if there is no
intervention, roughly 90 days after
the first case. It comes from
Ferguson et al.’s [4] simulations,
seeded with a single rural
individual. For the first 30 days,
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exponentially and infectious
individuals spread over larger
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strategy needs to be
